Introduction
The inhibitor of apoptosis (IAP) proteins Op-IAP and Cp-IAP were originally identified in baculoviruses because they could functionally replace the baculoviruscaspase inhibitor P53 (1, 2) . The closest homologues to the baculovirus IAPs are the Drosophila IAPs, D-IAP1 and D-IAP2, and the human IAPs, c-IAP1 (MIHB), c-IAP2
(MIHC) and XIAP (hILP, MIHA) (3, 4) . These molecules all share two or three copies of the BIR (baculovirus IAP repeat) motif at their N-termini and a RING finger at their Ctermini, and are direct inhibitors of caspases, a family of death-inducing proteases (5-10).
All of these IAP proteins have been shown to inhibit apoptosis in one or more paradigms. D-IAP1 was consistently retrieved in a genetic screen for caspase inhibitors (11) , and both D-IAP1 and D-IAP2 overexpression inhibits apoptosis in the Drosophila retina (12) . Human c-IAP1 and c-IAP2 are less potent inhibitors of apoptosis compared to XIAP, correlating with the observation that XIAP is a more potent caspase inhibitor (~100-fold) than c-IAP1 or c-IAP2 in vitro (3) . Both biochemical and structural data support a model where the individual BIR motifs of XIAP are specific inhibitors of different caspases. That is, the second BIR motif (BIR-2) and adjacent sequences of XIAP interact directly with activated caspase-3 and are sufficient to inhibit caspase-3 (13, 14) . In addition, BIR-3 of XIAP binds to and inhibits caspase-9. However, NMR structure analysis predicts that the mechanism of caspase inhibition by BIR-3 will be distinct from that of BIR-2 (15) , supporting a model where the individual BIR repeats have independent and non-redundant functions (14) .
The role of the C-terminal RING finger seems to be cell type and/or death stimulus-dependent. In some situations the RING is required for anti-apoptotic activity but in others the RING inhibits the anti-apoptotic function of IAP proteins. While the RING finger of Op-IAP is required for protection of insect cells from apoptosis induced by actinomycin D treatment or baculovirus infection, this domain is not required for inhibition of Hid-induced apoptosis in the same insect cell line (16) (17) (18) . Partial inhibition of cell death induced by HID as well as Reaper and Grim is conferred by BIR-2 of Op-IAP (most equivalent to BIR-3 of c-IAP1) plus a critical carboxyl-proximal flanking sequence. However, BIR-2 plus the RING finger is a more potent protector than BIR-2 (with proximal sequences) alone, implying that the RING finger contributes to the antiapoptotic function of Op-IAP (19) .
The RING fingers of a number of proteins including c-IAP1 and XIAP were recently shown to function as E3 ubiquitin ligases in proteosome-dependent protein degradation (20) . This activity may predominantly facilitate self-destruction as shown for c-IAP1 and XIAP resulting in cell death. Alternatively, the anti-apoptotic function of IAP proteins may be explained by ubiquitination and degradation of caspases as suggested for the RING finger of c-IAP2 (21) . The RING finger domains of XIAP, D-IAP1 and D-IAP2 also were shown to interact with signaling factors for the bone morphogenetic protein (BMP) kinase receptors and may participate in these signal transduction pathways as well (22) .
Earlier work in mammalian cells had suggested that the RING finger of full-length c-IAP1 does not interfere with its anti-apoptotic activity in mammalian cells. That is, in a variety of stably or transiently transfected cells, c-IAP1 and c-IAP2 were reported to inhibit apoptosis induced by different death stimuli including serum withdrawal, menadione, staurosporine, caspase-1, Bak, or K + depolarization (23) (24) (25) (26) . In contrast to these reports using mammalian cells, full length human c-IAP1 failed to inhibit Reaperinduced cell death in a Drosophila eye model unless the RING finger was deleted (12) .
Thus, in insect cells, the RING finger appears to negatively regulate the anti-apoptotic function of human c-IAP1. Consistent with this finding, expression of the spacer-RING region of D-IAP1 in transgenic flies resulted in a small eye phenotype due to excessive cell death in the eye disc. Furthermore, the RING finger regions of baculovirus Cp-IAP and Drosophila D-IAP1 can induce apoptosis in the lepidopteran cell line SF-21 (17, 17) .
We found that like the Drosophila system, c-IAP1 and c-IAP2 failed to protect mammalian cells unless the RING finger domain was deleted. Furthermore, c-IAP1 was cleaved during apoptosis to release the C-terminal spacer-RING domain that was capable of killing cells in transient transfections.
Experimental Procedures
Plasmid and virus constructs. The human IAPs were identified in an expressed sequence tag (EST) database (Human Genome Sciences) by searching with a BLAST program for homology to baculovirus IAP. EST clones were used as probes to identify full-length cDNAs from the libraries that contained the EST of interest. These clones were essentially identical to previously published c-IAP1 and c-IAP2. C-terminal truncations were generated by insertion of oligonucleotides containing stop codons in all three reading frames into restriction sites at the codon positions indicated in Fig. 2 . The CARD deletion mutant lacks an internal MunI restriction fragment. The RING mutant was generated by recombinant PCR mutating Cys586, His588 and Cys592 to alanines.
∆BIR-1 initiates at a naturally occurring Met at position 131. IAPs and derivatives were cloned into the BstEII site of the Sindbis virus vector (dsTE12Q) and recombinant viruses were generated as previously reported (27) (28) (29) . C-terminal c-IAP1 fragments and HA-tagged fragments of c-IAP1 were generated by PCR and expressed from a (Merck) was performed as previously described (32) .
Zinc binding assay. GST fusion proteins were purified from E. coli using glutathione-bound resin and dialyzed extensively against phosphate buffered saline to remove unbound zinc. Protein samples of known concentration (determined by BCA protein assay) were subjected to atomic absorption spectroscopy and the absorbence at 214 nm (specific for incinerated zinc) was compared to a standard curve of known ZnSO 4 concentrations to determine the molar ratio of zinc to protein in each sample. Deletion mutants of c-IAP1 were analyzed to determine which portion of c-IAP1
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is contained in these apparent cleavage fragments. Deletion of most of the CARD motif (amino acids 471-561) within the spacer region produced a ~10kD smaller c-IAP1
protein as expected (∆ in Fig. 3A ). This deletion also shifted the 52kD fragment to 41kD
(solid circle in Fig. 3A ) and shifted the smaller 35kD fragment to 25kD (see inset). In general, the cleavage fragments increased in abundance with time after infection ( Fig.   3A-C) . Therefore, both fragments appear to be cleavage products of c-IAP1 and both contain the CARD motif. Both fragments also contain the C-terminal RING finger.
Deletion of the 6 kD RING reduced the size of the 52kD cleavage fragment (Fig. 3B) , while further deletion of BIR-1 had no effect. Deletion of the RING abolished formation of the 35kD fragment perhaps by destabilizing the polypeptide (Fig. 3C ). This possibility is consistent with our difficulty in detecting the spacer region when expressed alone (see Fig. 6B below) . Taken together, these data indicate that c-IAP1 is cleaved during apoptosis to yield 52 and 35kD fragments that are both derived from the C-terminus. (Fig. 3A) , the ∆CARD mutant of c-IAP1 was more stable in the in vitro translation mix compared to wt full-length c-IAP1 (Fig. 4B) . Cleavage of the ∆CARD mutant of c-IAP1 was detectable as early as 1 hour after addition of caspase-3 and densitometry of the uncleaved protein indicated that 72% was cleaved by 4 hours (Fig.   4C ).
To map the cleavage site responsible for producing the smaller 35/25kD fragment, several Asp residues near the beginning of the spacer region were mutated individually in the ∆CARD mutant of c-IAP1. Mutation of Asp372 to Ala abolished formation of the smaller cleavage fragment while mutation of Asp346, Asp364 and Asp387 had no effect on generation of this fragment (Fig. 4D and data not shown) . To determine which portion of the spacer-RING construct was responsible for the induction of apoptosis, several mutants were tested in transfected BHK cells. Deletion of the CARD domain from the spacer-RING (SR-∆CARD) enhanced pro-apoptotic activity and correlated with higher protein expression levels, again suggesting that the CARD domain contributes to the instability of the space-RING region (Fig. 5B) . Similar results were obtained with HA-tagged constructs in CHO and 293 cells ( Fig. 5D and F) and Rat-1 (not shown) except that the ∆CARD mutant of HA-spacer-RING was generally a more potent killer in these cell types, again correlating with increased protein expression compared to the CARD-containing construct (Fig. 5E) . The spacer or RING regions alone lacked pro-death activity compared to control vector (Fig. 5B, D and F) . The RING domain alone was not detected by the polyclonal anti-c-IAP1 antibody (Fig. 5B ) but was likely to be expressed efficiently based on results with an HA-tagged version (Fig. 5E ).
The spacer region alone was consistently present at lower levels even when detected via an HA tag ( Fig. 5B and E) . Thus, these experiments do not eliminate the possibility that the spacer region was sufficient for pro-apoptotic function. However, mutation of three conserved Cys/His residues in the RING (RING*) abolished pro-apoptotic activity of spacer-RING, verifying that the RING was required for pro-death activity (Fig. 5C ). Furthermore, co-transfection with spacer-RING abolished the protective activity of BIR in CHO and 293 cells (Fig. 6 ).
To formally demonstrate that the predicted RING domain of c-IAP1 indeed binds zinc, a GST-RING protein was purified from E. coli and tested for its ability to liberate zinc during combustion. Consistent with the fact that RING fingers of other proteins are known to bind two moles of zinc, GST-RING bound the same molar ratio of zinc as two BIR domains (GST-BIR2-3) that each coordinate one zinc atom (Fig. 7) . BIR domains each contain a single zinc finger, confirmed in the recently determined structure of several BIR domains (13, 15, 37) . This result also suggests that the lack of cell-killing activity by the RING finger alone (with or without an HA-tag) is probably not due to defects in protein folding. 
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